This paper describes an intercomparison experiment between airborne measurement systems, radiosondes and a LaserDoppler-Anemometer (LDA). The aircraft are a Falcon, a Queenair and three motorized sailplanes; the radiosonde is a GRAW-type sonde. Overall we find a tins-difference in temperature of between -0.66 K and + 0.52 K. The tinsdifferences for the dew-points are between -1 . 2 K and + 1.57 K. The mean rms-differences between the sonde, the sensors of the Falcon and the LDA are between -0.92m s -1 and +0.63m s -1 for both components of the wind. The magnitude of the rms-differences are similar to the accuracies of the sensors indicating the high quality of the data. 
Introduction
In field experiments c o o r d i n a t e d series o f measurements are p e r f o r m e d by various systems in order to obtain d a t a sets as complete as possible. T o relate these d a t a sets to each other, it is necessary to k n o w the absolute error (accuracy) and the relative error (resolution) o f each m e a s u r e m e n t system, as well as the differences between them. These differences can be obtained by p e r f o r m i n g an i n t e r c o m p a r i s o n experiment.
I n t e r c o m p a r i s o n flights were m a d e during A L P E X to c o m p a r e the measuring e q u i p m e n t o f the aircraft F a l c o n with that o f other aircraft (Fimpel and Richner, 1986) . The results show that the differences in temperature, h u m i d i t y and wind taken by the sensors o f these aircraft are within the accuracy of each m e a s u r e m e n t system. H a u f et al. (1988) describe a c o m p a r i s o n of data taken by the F a l c o n with sounding data obtained by radiosondes. In Switzerland various radiosondes were compared by Phillips et al. (1980) and Phillips and Richner (1983) . Further comparisons were made between sondes and a Laser-Doppler-Anemometer (LDA) (K6pp et al., 1984) . However, to our knowledge no comparison between measurement systems of several aircraft, sondes and LDA has yet been made. For low levels, up to 300 m above ground, a comparison was performed in 1979 (Kaimal et al., 1980) . The one presented here was done between 300m and 2 3 0 0 m above ground.
This paper describes the execution and the results of an intercomparison experiment which was performed on 27. June 1986 during the DFVLRfront-experiment. A twin-engine jet Falcon, a Queenair and three motorized sailplanes collected temperature and humidity data. The Falcon is additionally equipped with a sensor to measure the wind vector. Radiosondes were launched to get vertical soundings. Finally, low-level wind data were gathered continuously by a Laser-DopplerAnemometer. The purpose of the comparison is to calibrate all systems, so they can be used for coordinated measurements in frontal zones close to the Alps. The results of the comparison experiment are important especially to the frontal experiment itself, and provide also information for comparison experiments elsewhere.
In section two we briefly discuss the synoptic situation. In section three we summarize the characteristics of the sensors of the various systems, and the fourth section describes the experimental design. The fifth section discusses the treatment of the data, and the final section reports the results of the comparison of the temperature, humidity and wind measurements.
Synoptic Situation
The comparison was performed on 27 June 1986 as part of a front experiment coordinated by the DFVLR. The large-scale weather patterns are characterized by an omega-type-structure, with a ridge of high pressure over Europe flanked by troughs over the eastern Atlantic Ocean and over eastern Europe. The pressure gradients in the Alpine area are weak, with a surface flow from the east at about 5 m s -~. All measurements are made early in the morning, between 0700 and 0800 MESZ (0500 and 0600 GMT), before convective processes start to dominate the flow. 
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shows the radiosonde observations from Munich at 0000 and 1200 GMT, with weak easterlies at low levels and with a calm mid-troposphere. At about 1 500m an inversion is apparent; this inversion is also present in the night but is found higher at 2 000 m. During the night there is also a surface based inversion with a temperature difference of 9 K. However, the basic profile is the same.
Sensors
Five different aircraft, a twin-engine jet Falcon, a Queenair and three motorized sailplanes were available. All aircraft sensors are able to record temperature, humidity and pressure and the Fal-32 K.P. Hoinka et al. con is additionally equipped with a system to measure the three-dimensional wind vector. The wind is measured on this airplane as the difference between the velocity of air relative to the airplane, obtained from gust probe sensors mounted on a nose boom, and the velocity of the airplane relative to the earth from the inertial navigation system (INS). The errors of the INS and of the gust probe sensor result in an absolute error of about 1.5 m s -1 in the derived horizontal velocities. The aircraft are able to collect data up to a height of 10 km (Falcon), 4 km (Queenair) and 2 km (motorized sailplanes). The airborne measurement systems are described in detail elsewhere: Falcon (Meischner, 1985) , Queenair (Paffrath, 1985) and motorized sailplanes (Jochum et al., 1984) . Radiosonde data are provided by " G R A W -77Q" sondes, which are lightweight weather sondes for measuring temperature, humidity and atmospheric pressure in the free atmosphere up to about 600 mbar. For the dry-and wet-bulb temperatures, bead thermistors are used. This sonde is also termed TDFS-sonde and is described by Fink et al. (1980) . A similar type to our GRAW-77 Q sonde is compared with other sonde types by Phillips and Richner (1983) . The horizontal wind vector is obtained by using a radar to track the sonde.
A surface-based Laser-Doppler-Anemometer (LDA) takes wind data. The L D A data consists of radial velocity values as a function of scan azimuth; the pattern is also known as a velocityazimuth-display (VAD) scan. This method is used to retrieve mean horizontal wind magnitude and direction from radial velocity data around horizontal circles centered along the vertical of the lidar scanner. The method and the instrument is described in detail by K6pp et al. (1984) and Schwiesow et al. (1985) . Table 1 summarizes the types of the sensors, and their absolute errors (accuracy) and their relative errors (resolution).
Experimental Design
The main difficulty in comparing data from ground-based systems, aircraft and radiosondes is due to the fact that the various systems measure data at different time and space scales. A further complication comes from the fact that one compares line-averaged data obtained from an aircraft along a horizontal flight leg with vertically spaced radiosonde data and with data derived by volume averaging the meteorological quantities taken by remote sensing methods. The problem of comparing line-averaged data with vertically spaced radiosonde data is discussed in detail by Hauf et al. (1988) . The problems are kept small as soon as there are horizontal homogeneous atmospheric conditions; if the averaging length over the flight leg is short enough; and if the measurements are taken during a reasonably short period of time. The experiment was designed such as to fulfill these conditions.
The comparison presented here uses data from between 300 m and 2 300 m above ground, which is where most of the interesting processes in frontal zones occur. Additionally, the experimental design was created to provide optimal coverage of a timeheight section by the various measurement systems.
We made measurements at the Oberpfaffenhofen airfield, 25 km south-west of Munich. The reference distance chosen for the comparison is defined by the runway of the airport. The length of the runway is 2 000 m. The launching position of the radiosondes and the location of the LDA are 300 m from the airfield. Starting at 0500 G M T three radiosondes were launched 20 minutes apart. During the 40 minutes of the sonde flights the aircraft flew at between 3 000 and 7 000 ft MSL several times with vertical spacing of 1 000ft (Fig. 2) . All the aircraft flew parallel to the runway at the same height as well as at different heights five minutes apart. The aircraft needed different times to fly along the runway: 20 s (Falcon), 30 s (Queenair) and 40 s (motorized sailplanes). The sonde took about 5 minutes to reach the height of 7 000 ft. Due to the synoptic situation, there was a surface flow from the east at about 5 m s -1 during the period of the experiment. This causes a westerly translation of the sondes of about 1.5 km while they rise to 7 000 ft. This advection took place over a two-hour period, and the three soundings made by the radiosonde were similar. Therefore, assuming an east-west homogeneity, the radiosonde data are comparable to those of the aircraft and the LDA, taken above the runway.
The LDA data are derived by averaging the meteorological quantities over a volume. For the present experiment the LDA-cones are swept out by VAD scans at fixed elevation angles of 45 °. With increasing height the layer for which the averaged wind is valid becomes thicker. Therefore, at 3000ft MSL the thickness is 100m and at 4 000 ft MSL it is 300 m. 
D a t a
All aircraft data were gathered with a sampling rate of 1 Hz and were then averaged over the 2 000 m length of the runway to obtain a reference value for the comparison. Depending on the speed there are 20, 30, and 40 data points from the Falcon, Queenair and the motorized sailplanes, respectively. In all cases the data along the reference distance were constant or the rrns-difference was two order of magnitude smaller than the mean value.
The purpose of the comparison experiment is to determine the differences between the various measurement systems. To simplify matters, the data taken by the sonsors of the Falcon aircraft are considered to be the standard against which the other data are to be compared. This is justified by the results of the ALPEX aircraft comparison experiment, which showed the high quality of the data from the Falcon (Fimpel and Richner, 1986) . Another reason is that the Falcon is able to measure all the necessary parameters such as wind, temperature and dew-point whereas the other systems are limited to measure only some of these parameters.
Because most flights are not exactly at the prescribed height level, the aircraft data have to be corrected in order to be comparable with the other data. This has been done using the vertical gradients of temperature, dew-point temperature and wind data from the radiosonde in order to convert all aircraft data at each level to the mean pressure at that level. The mean pressure was chosen to correspond to the 3000, 4000, 5 000, 6000, or 7 000 ft height. The pressure was chosen as a reference because the sensors of the aircraft and the radiosonde take pressure data directly. The pressure is measured with an accuracy of between 0.25mbar (Falcon) and 2.0mbar (sonde, motorized sailplanes). With an average temperature change in height of about 0.1 K mbar -1 an error of about 0.2 K must be considered additionally due to the necessary reduction procedure. Table 2 shows the vertical gradients of temperature and dew-point temperature provided by the radiosonde. There is no strong vertical divergence of the temperature gradients, except above the 6 000 ft level. At this level the temperature decreases with increasing pressure, indicating an inversion which was present during the entire day (Fig. 1) . The dew-point temperature gradients at 6 000 ft were very large due to this inversion. These gradients indicate that a comparison of data taken in layers where inversions are present, is somewhat unreliable, because a slight deviation in height may drastically change the gradients. The vertical gradients of the wind were very small and therefore do not need to be considered further. All time series were then combined for the comparison, the data from each sensor being linearly interpolated with respect to time, thus giving additional values at the time when other sensors in the comparison have values (Fig. 3) . The vertical gradients were interpolated using an analogous procedure.
Results

Temperature
Figure 4 (left) shows the temperature data taken by the various systems at various times and heights. All differences are in the range of 1 to (Fimpel and Richner, 1986) . Our results corroborate these differences indicating that the sensors of all aircraft measured the temperature reasonably well.
The differences between the Falcon-and the sonde-data indicate that the sondes generally take the temperature to be about 0.5 K lower than the sensor of the Falcon at all heights. The divergence of the temperature with increasing height is worth noting. To our knowledge, no comparisons have been made between the sondes used in this study and other radiosondes. However, a similar type to our GRAW-77Q sonde was compared with other sondes (Phillips and Richner, 1983) . The result was that most sondes give temperatures that differ by about 1 K. Figure 6 (left) gives a summary of the results of all temperature measuring systems in terms of the deviations from the temperature sensors of the Falcon. The tins-differences are indicated by bars. All aircraft sensor systems deviate in the range of + 0.5 K from the Falcon system. Only the data of the sondes and the data of the Queenair have rmsdifferences larger than 0.5K. Table3 gives the mean rms-differences, the standard deviations and the 95 % significance level. The magnitude of these mean differences are similar to the accuracies of the corresponding sensors (Table 1 ) which indicates that the data are of high quality. Phillips et al. (1980) pointed out that for all sondes, the relative humidity must be considered to be the least reliable of the radiosonde data. For the present intercomparison the dew-point temperature differences are in the range of 2 K for the lower levels, but in the 7 000 ft level this range increases up to 5 K (Fig. 4, right) . The level-mean differences ar reasonable between the data of the Falcon sensors and those of the motorized sailplane M 1 up to 6 000 ft level (Fig. 7) . The difference between the data of the Falcon and those of the Queenair is up to 6 000 ft very small, but increases rapidly up to -3 . 3 K at 7000 ft. This is due to the fact that the response time of the TP 3-S is very large as soon as the dew-point differences become large which is the case for the presents event above 6 000 ft (Fig. 1) . Therefore, the data taken by this sensor above the inversion are unreliable. The data from the sensors of the motorized sailplanes M 2 and M 3 deviate more than 1 K from those of the Falcon system. The ALPEX comparison (Fimpel and Richner, 1986) showed mean differences (standard deviations) of the dew-points of 1.2 K (+2.9K).
Humidity
The deviation of the sonde data from those of the Falcon ( t 1.0K) is reasonable up to 4000 ft, dew-point deviation of 2.1 K (3.5K) for a mean relative humidity of 50% (90%). The overall quality of the humidity data are given in Fig. 6 (right) , showing that all aircraft data deviate from the Falcon data in a range from + 0.5 K to -2.0 K, with rms-differences of up to 0.5 K for the data of the motorized sailplanes and 1.0 K for the Queenair data. The corresponding standard deviations and the 95% significance levels are given in Table 2 . In contrast to the temperature differences, the mean differences in dewpoints are slightly larger in magnitude than the accuracies of the corresponding sensors (Table 1) . This corroborates the findings of Phillips et al. (1980) that humidity data provided by a radiosonde should be considered with caution.
but further up, the quality of the sondes data degrades (Fig. 7) . The explanation for the present behaviour of the sonde-sensor is that the humidity is measured by a wet-bulb thermometer, which is not able to measure the temperature exactly once it drops below 0°C. Phillips and Richner (1983) reported that in terms of relative humidity a GRAW-type sonde showed deviations of up to 15% (max. height 5 000 m), again worsening with increasing height. This value is equivalent to a
Wind
The differences for both wind components between the Falcon-, the sondes-and the LDA-data are between 1 and 2 m s-1 (Fig. 8) . The rms-differences (standard deviations) between the Fal---1 con-and the sonde-data are + 0 . 3 m s (1.0 m s -1) for the westerly wind and -0.9 m s -1 (1.7m s-1) for the southerly wind (Table 4) . The ALPEX comparison (Fimpel and Richner, 1986) The magnitude of the rms-differences are reasonably small, particularly, since even data of sondes of the same type may differ. Jasperson (1982) found a rms-difference of 1.0 m s -~ between two pilot balloons launched simultaneously only 20 m apart, gathering data over altitudes from 0 to 5km. In a previous study (K6pp et al., 1984) lowlevel winds from L D A and winds derived from balloon sondes were compared. They found average rms-differences of 1.3 m s-1 for the magnitude and a rms-difference of 12 ° for direction when the L D A and the sonde profiles are compared. These values result in about 1.0 m s -1 rmsdifference for both wind components. They showed also that these differences are not a result of L D A errors because comparisons between LDA and a sonic anemometer showed a rms-difference of 0.2m s -1 for a single wind component. The rms-differences between the data of our LDA, those of the Falcon and those of the sondes were between -0.71 m s -~ and + 0.63 m s -~ (Table 4) . These values confirm that there is good agreement between the data of the Falcon, the sonde and the L D A wind measuring systems.
The wind field is not usually the same at all points of a full VAD scan because of atmospheric inhomogeneity, especially near the surface. Therefore, Fig. 8 gives also radiosonde data (crosses), representing the mean values over the same layer as is measured by the VAD scans. It is apparent that the deviations are small. However, these mean values are only vertical averages, thus the horizontal inhomogeneity must be small. This was also confirmed by the aircraft data showing standard deviations to be two order in magnitude smaller than the mean value along the reference path parallel to the runway.
Conclusions
Through an intercomparison experiment, as described in the present study, only the differences of the signals of the sensors of the various systems are obtained, but the absolute error or the accuracy can not be derived. Only when several systems are compared and one signal show significant deviations from the others, this could be an indication, that the sensor with the deviating signal is not working well. But also the contrary could be the case. In our experiment all differences, with one exception, are small, suggesting a good quality of the data. The exception is the humidity temperature measured by a wet-bulb thermometer in the sonde in case of temperatures close to and below freezing. In this case, these data are useless.
It is in general difficult to compare line-averaged data obtained from an aircraft along a horizontal flight path with radiosonde data taken along a vertical line and with quantities averaged over a volume using remote sensing techniques. The problems are kept small as soon as there are horizontal homogeneous atmospheric conditions, The results of the intercomparison experiment show that the data have in general small rmsdifferences. In particular: the temperature deviates between -0.7 K and + 0.5 K between all measurement systems; the dew-point temperature deviates between -1 . 2 K and + 1.6K; and the differences in the magnitude of the horizontal wind components are smaller than 1.0m/s. The magnitude of most rms-differences are similar to the accuracies of the corresponding sensors, which indicates that the data are of high quality. Additionally, most of the observed and expected changes in magnitude of the meteorological signals in frontal systems are about one order in magnitude greater than the above rms-differences. Therefore, coordinated measurements using ground-based systems, aircraft and radiosondes can produce data of high quality, particularly in meteorological conditions such as cold fronts.
